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Macromolecular function is rooted in energy landscapes, where sequence determines not a single structure but an ensemble of conformations. Hence, evolution modifies a protein's function by altering its energy landscape. Here, we recreate the evolutionary pathway between two modern human oncogenes, Src and Abl, by reconstructing their common ancestors. Our evolutionary reconstruction combined with x-ray structures of the common ancestor and pre-steady-state kinetics reveals a detailed atomistic mechanism for selectivity of the successful cancer drug Gleevec. Gleevec affinity is gained during the evolutionary trajectory toward Abl and lost toward Src, primarily by shifting an induced-fit equilibrium that is also disrupted in the clinical T315I resistance mutation. This work reveals the mechanism of Gleevec specificity while offering insights into how energy landscapes evolve.
T he evolution of protein kinases is a key event in the origin of multicellularity (1) , which enabled the development of more complex signaling cascades essential for the evolution of higher organisms. The key role of protein kinases in the cell cycle has placed them at the center of cancer drug research. Despite an explosion in diversity in the kinome (2) , the catalytic kinase domains have maintained nearly identical structures (2) (3) (4) (5) . It is therefore surprising that the clinically successful cancer drug Gleevec has such strong selectivity toward Abl versus other tyrosine kinases, including the closely related Src. This is puzzling because the Gleevec-bound structures of Abl and Src are nearly identical, including the N-and C-terminal lobes and the drug-binding pocket ( Fig. 1A) (3) . Extensive work led to a frequently cited but controversial model where Gleevec selectivity is rooted in a pre-existing equilibrium between two alternative conformations of the DFG-motif (for Asp-Phe-Gly), a conserved segment of the activation loop (3, (6) (7) (8) (9) (10) (11) (12) . A number of x-ray structures have revealed the sampling of a Gleevec-binding-competent DFG-out position and a binding-incompetent DFG-in position in free kinases (Figs. 1A and 2A) . Recently reported data rule out the predominant role of the DFG-in/out equilibrium (conformational selection) in Gleevec selectivity. It led to a different binding scheme (Scheme 1) that accounts for the 3000-fold difference in Gleevec affinity between Src and Abl (11) due to a global conformational change after drug binding (induced fit, Scheme 1).
However, the molecular mechanism of this selectivity remains unknown. Based on x-ray crystal structures, specific point mutations have been made in attempts to convert Abl to Src-like specificity and vice versa. Despite two decades of efforts, such sequence swaps in modern kinases have failed to illuminate the atomistic determinants of selectivity (3, 6) . The differences between Src, Abl, and other homologous kinases have evolved over a billion years from their common ancestor-not via residue swaps from one modern kinase to another. Sequence-swap experiments using modern enzymes have a fundamental shortcoming by neglecting epistasis (the effect of the surrounding amino acid background) (13) . However, evolution has already navigated the complex epistatic protein space by producing functional proteins at each stage despite large numbers of accumulated mutations. We therefore examined the evolution of Src and Abl along their phylogenetic branches using ancestral reconstruction to understand differences not only in their equilibrium structures but also in their energy landscapes.
Ancestral reconstruction has provided a way to achieve mechanistic insight into protein function (14) (15) (16) (17) (18) (19) . Here, we elucidate the basis of modern kinase specificity toward Gleevec with atomic resolution by recapitulating the evolution of the Src and Abl catalytic domain from their last common ancestor. Analysis of the ancestral kinases allows us to track the evolution of the protein energy landscape (20, 21) . We define "energy landscape" as a set of free energy and kinetic parameters linking kinetically distinct states that are relevant to biological processes.
Seventy-six modern-day sequences spanning the cytosolic tyrosine kinase family (Src/Abl/Tec families) were used in a Bayesian phylogenetic analysis with receptor tyrosine kinases as the out-group (Fig. 1B) . Because the quality of the ancestral reconstruction strongly depends on the alignment, we estimated the tree and alignments simultaneously. The most probable sequences were inferred for four key ancestral proteins between modern Src and Abl and their last common ancestor (Fig. 1B and figs. S1 and S2), and their corresponding proteins were expressed, purified, and characterized.
We denote the reconstructed protein corresponding to the last common ancestor of Src and Abl as ANC-AS. Similarly, on the lineage leading from ANC-AS to modern Abl, ANC-A1 represents the common ancestor between humans and colonial choanoflagellates, and ANC-A2 corresponds to the common ancestor between humans and Caenorhabditis elegans. On the lineage leading to modern Src, ANC-S1 is the last common ancestor between humans and colonial choanoflagellates/ sponges. Despite the fact that ANC-AS differs by 96 residues from any modern cytosolic tyrosine kinase, all ancestral kinases reconstructed here are fully active and thermostable ( Fig. 1C and  fig. S3 ). We evaluated the specificity of Gleevec toward the ancestral kinases by measuring inhibition ( Fig. 1D ) and dissociation constants ( fig. S4 ). The inhibition of ANC-AS is intermediate between modern Src and Abl. Gleevec affinity increases gradually toward Abl along the evolutionary pathway, whereas it drastically decreases toward Src.
Src and Abl differ by 146 amino acids, and experiments with the modern kinases could not identify the subset of residues responsible for the changes in dynamics (11) . Because our reconstructed kinase ancestors have intermediate Gleevec affinities, we can now explore the evolution of these dynamical changes. To this end, we characterized the changes in the energy landscape from ANC-AS to modern Src and Abl by comparing the kinetics of Gleevec binding. All ancestors follow the same kinetic scheme as modern Src and Abl (Scheme 1), but with differences in individual conformational steps. As detailed in (11) and (22), the double exponential binding kinetics ( Fig. 1E and fig. S5 ) reflect the faster physical binding step (identified by the linear dependence of the observed rate on Gleevec concentration) (Fig. 1G) , followed by the slower induced-fit step, with the observed rate approaching a maximum at Gleevec saturation (Fig. 1H) .
The gradual change in these kinetic parameters (k fast and k slow ) from the weak binders to the tight binders is clearly visible, and the physical off rates (k off ), identified by the intercept in Fig. 1G , remain similarly fast. In contrast, the observed overall dissociation of the inhibitorenzyme complex is extremely slow for ancestors ANC-AS, ANC-A1, and ANC-A2, and much faster for ANC-S1 (Fig. 1F) , revealing that the ratelimiting step in Gleevec release is a conformational change before dissociation (E*.I→E.I) (Scheme 1 and Fig. 1F ). To summarize (Fig. 2) , we detect a systematic shift in the conformational equilibrium from E*.I to E.I when traversing the evolutionary tree from Abl to Src, caused by a gradual decrease in the forward rate (k conf+ ) and a more dramatic increase in the reverse rate (k conf-) (Fig. 2C) . This conformational step, independently validated previously by a direct visualization of the E.I and E*.I conformers by nuclear magnetic resonance (NMR) on the enzyme-drug complex (11), accounts for the major difference in binding energy between different ancestors and modern Src and Abl, whereas changes in the drug's binding/ dissociation step are nearly negligible (Fig. 2) .
Our data reveal the evolution of the inducedfit step that is essential for Gleevec selectivity. It additionally provides experimental estimates of the relative populations of the DFG -in and -out conformations and reinforces that this equilibrium plays only a minor role in Gleevec affinity (Fig. 2, A and D) . In the past, quantification of the equilibrium between these two alternative states has proven elusive, despite direct observation of both states in crystal structures (3). This new opportunity arises from the time-resolved detection of the binding step. The relative amplitude of the fast binding step (Fig. 2A, bottom) reflects the propensity to populate the DFG-out conformation ( p DFG-out ). As apparent from Fig.  2A , one can indeed "watch" this flip in population from mainly being in a DFG-in state for modern Src and ANC-S1 to increasing DFG-out population in ANC-AS as an intermediate, and to even higher DFG-out populations for ANC-A1, ANC-A2, and Abl (large amplitudes). The DFGout population is also an intrinsic component of the observed binding rate constant, k on obs = k on × p DFG-out . Notably, the increase in p DFG-out measured from the amplitudes ( Fig. 2A) is mirrored in the gradual increase in k on obs (Fig. 2B) , implying that the true k on rate constants are very similar. The populations of DFG-out in ANC-S1 and Src are too small to allow a quantitative analysis of the fast binding step (Fig. 2, A and D) . The overall equilibrium dissociation constant K d agrees well with the K d calculated from all microscopic rate constants (figs. S4 and S6) (11, 22) , which corroborates the kinetic scheme and the accuracy of the fitted values.
During the evolution of the energy landscape from the last common ancestor, ANC-AS, to the modern tight-binding Abl and the weak-binding Src, the major contribution to increased affinity arose from an induced-fit mechanism (up to 5 kcal/mol) ( Fig. 2E ) with a minor contribution from the pre-existing DFG-in/out flip in the free enzymes (Fig. 2D) (11) arising from a depletion of the binding competent DFG-out conformation for the weaker binders. The actual binding/unbinding step, which is commonly used in structure-guided rational drug design (e.g., docking analyses), is very similar between the weak and strong binders.
What are the sequence differences responsible for the two major changes in the energy landscape, the DFG loop equilibrium, and the E.I⬄E*.I equilibrium? The ancestral reconstruction narrows down the regions responsible for these changes. Modern Abl and Src differ at 146 amino acids, yet only 70 differences separate ANC-AS and ANC-A2 and only 42 differences separate ANC-AS and ANC-S1 ( fig. S2 ). These sequence changes are located throughout the protein, in agreement with globally distributed NMR chemical shift changes upon Gleevec binding (11) .
X-ray crystal structures of ANC-AS bound to phosphomethylphosphonic acid adenylate ester (AMPPCP) ( fig. S7) and Gleevec (Fig. 3) illustrate the structural consequences of sequence evolution. As expected, the overall structure of ANC-AS is highly similar to modern Src and Abl with subtle differences in the P-loop, C-helix and b4-b5 loop (Fig. 3C and figs. S7 and S8 ). Ancestral reconstruction identified a subset of 70 mutations potentially responsible for the dramatic shift of the E.I⬄E*.I conformational equilibrium between ANC-AS and ANC-A2, but not all of them are necessarily important for the increased affinity. To pinpoint the essential differences, we analyzed the ANC-AS-Gleevec structure and divided these 70 mutations into four groups ( fig.  S9 ). Constructs containing subgroups of mutations were then tested for activity and Gleevec binding (fig. S9) . Remarkably, changing only 15 amino acids in the core of the ANC-AS N-terminal lobe to the Abl sequence [named AS(+15)] drastically increased Gleevec affinity to a level similar to Abl (Fig. 3B and  fig. S10 ). Therefore, a small subset of mutations located only in the N-terminal lobe are responsible for the majority of the change in the E.I⬄E*.I equilibrium ( fig. S11 ).
With the importance of these 15 residues clearly established, we can attempt to rationalize the changes in the energy landscape at an atomistic level using the ANC-AS x-ray structures. Most of these 15 amino acids are distant from the drugbinding pocket and are part of a hydrogen-bonding network in both the AMPPCP-and Gleevec-bound conformations in ANC-AS and Src. In contrast, Fig. 2 . Evolution of the free-energy landscape in tyrosine kinases based on data in Fig. 1. (A) Evolution of the DFG-in/DFG-out equilibrium, (B) Gleevec binding step, and (C) induced fit step. (A) The gradual population shift between DFG-out (blue, 4CSV) and DFG-in (pink, 4UEU, top) is reflected in the differences in amplitude of the fast phase (bottom). (B) The k on obs , the product of the true k on and the population of DFG-out, increases from ANC-AS to Abl in parallel with the increase in the DFGout population seen in (A). The measured microscopic k off 's for Gleevec are equivalent. (C) For the induced-fit step, a gradual decrease in the forward rate constant (k conf+, top) and a drastic increase in the reverse rate constant (k conf -, bottom) from Abl via the common ancestor to ANC-S1 and Src are apparent. (D and E) Free-energy contributions of conformational selection plus binding (D) and the induced-fit step (E) to the overall binding energy.
Scheme 1. Proposed Gleevec binding scheme to human Src and Abl (11) and the ancestors (see the supplementary materials). E and E.I correspond to free and inhibitor-bound kinase; E*.I corresponds to inhibitor-bound kinase in a distinct conformational state; DFG-in and DFG-out subscripts specify the conformation of the DFG loop ( Fig. 2A) . the corresponding residues in AS(+15) and Abl prohibit such hydrogen-bonding networks (Fig.  3, D and E) . We hypothesize that the lack of these hydrogen bonds allow the P-loop (another conserved element of kinases) (Fig. 1A) to close over Gleevec in a kinked conformation (Fig. 3C) , whereas in Src and ANC-AS, the identified hydrogen bonds prohibit such a conformational change. A stabilizing role of the N-lobe hydrogen bond networks for the P-loop is consistent with the clear P-loop electron density in Src (3DQW) and ANC-AS (4UEU) bound to nucleotide, in contrast to missing P-loop electron density in the corresponding Abl structures (2G2I).
We note that the difference in P-loop conformation for kinase-Gleevec structures has been discussed previously as a potential basis for differential affinity (23) . However, a sequence swap of the two P-loop differences placing Abl residues into Src, F278Y, and Q275G failed to increase Src's affinity toward Gleevec (3). Our data suggest that an additional mutation, N341, is needed for stabilization of the kinked P-loop, enabling a hydrogen bond between Y272 in the P-loop and N341 in the D-helix (Fig. 3F ). This kinked P-loop conformation results in additional favorable interaction between the kinase and the drug; however, they are only possible in the absence of the restricting hydrogen bonds in the N-lobe identified above (Fig. 3E) .
A long-standing problem in molecular biology is how to establish the sequence determinants for specificity within protein families. As a modern anthropogenic creation, Gleevec could not have provided evolutionary pressure for the divergence of the Src and Abl kinase families. However, the ancestral kinases deliver a deeper understanding of the molecular mechanism underlying the impressive selectivity of a modern cancer drug. Surprisingly, Gleevec takes advantage of the evolutionary differences in the Src and Abl energy landscapes. In addition, Gleevec binding serves as an experimental readout for the natural evolution of the DFG in/out equilibrium, which is widely considered to be a key element for differential regulation in the protein kinase kingdom, although the corresponding mechanism has been elusive (3, 4, (6) (7) (8) . We hypothesize that the gradual evolution of both the DFG in/out equilibrium and kinase plasticity responsible for differences in the induced-fit step was driven by evolutionary pressure for differential regulation.
Currently, natural evolutionary selection is in play in the development of Gleevec resistance. During the therapeutic use of Gleevec in chronic myelogenous leukemia patients, a number of clinically relevant resistance mutations have evolved, including the most common Abl(T315I) mutation (24) (Fig. 4) . This mutation drastically decreases the affinity for Gleevec (K d of 12 T 5 mM at 25°C) and has been called the "gatekeeper" mutation because of the hypothesis that the Ile residue obstructs binding due to steric hindrance (25, 26) . Surprisingly, we find that the binding step is unaltered by the T315I mutation but that the subsequent induced-fit step is severely hampered (Fig. 4) . As described before, this latter step of conformational dynamics after drug binding is the key for high affinity in the wild-type protein, and it is the same step that is compromised under the evolutionary pressure of Gleevec treatment of cancer cells.
Previous ancestral reconstructions investigated highly conserved protein families that remain relatively unchanged in function and sequence over a vast period of time (up to 4 billion years) (27) (28) (29) (30) and metazoan lineages (within the past 600 million years) with large functional divergence caused by a small number of mutations (31, 32) . Our system differed in the number of residues involved and focused mainly on revealing the atomistic mechanism of a modern cancer drug for modern kinases. The observed gradual change in energy landscape from the common ancestor to modern kinases, and the mechanism for the resistance mutant that evolved under natural pressure, advocate that altering conformational dynamics, and hence energy landscapes, may be a crucial driving force in evolution.
